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FINAL  REPORT 


Monitoring  Cellular  Interactions  During  T  Cell  Activation  At  The 
Single  Molecule  Level  Using  Semiconductor  Quantum-Dots 


Objectives: 

1 .  Create  molecular  chimeras  with  avidin  (Avd)  insertions  for  a  selective  panel  of 
transmembrane  proteins  that  are  directly  involved  in  T-Cell  Receptor  (TCR)  signaling. 

2.  Record  and  evaluate  the  movement  of  qdot  tagged  molecules  into  Immune  Synapse  (IS) 
using  cultured  cell  lines,  and  determine  the  contribution  of  each  components,  as  well  as  the 
cytoskeletal  and  lipid  environment  in  IS  formation. 

3.  Verify  IS  profiles  in  natural  populations  of  murine  T  cells,  and  generate  IS  signature  profiles 
based  on  the  movement  of  synaptic  components  in  response  to  different  types  of  stimuli, 
such  as  agonist  and  antagonist. 

4.  Develop  approaches  for  targeting  and  delivery  of  qdots  inside  living  cells. 


Status  of  effort: 

Enhanced  peptide-coated  qdots  (with  high  brightness  &  high  saturation  intensity)  were 
developed.  Two  high-affinity  targeting  “velcro-pairs”  based  on  avidin-biotin  and  fluorescine- 
antibody  interactions  were  demonstrated  and  used  to  specifically  target  single  proteins  in 
membranes  of  live  cells.  Single  molecule  spectroscopy  and  imaging  of  individual  qdots-labeled 
lipid  rafts  receptors  were  performed.  Software  tools  were  developed  to  analyze  individual 
diffusion  and  trafficking  trajectories.  These  studies  provided  strong  support  to  the  lipid  raft 
hypothesis.  Cloning  and  fusion  of  avidin  (Avd)  to  4  immune  synapse  components  were  achieved. 
These  mutants  are  being  characterized  by  flow  cytometry  and  fluorescence  microscopy. 


Accomplishments/New  Findings 

Hybrid  approach  to  the  synthesis  of  highly  luminescent  infrared  CdTe/ZnS  and 
CdHgTe/ZnS  qdots: 

A  novel  approach  for  the  synthesis  of  highly  luminescent  CdTe/ZnS  and  CdHgTe/ZnS  core/shell 
semiconductor  nanocrystals  qdots  was  demonstrated.  The  approach  is  based  on  hybridizing  two 
synthesis  routes,  leading  to  novel  nanocrystal  compositions  and  small  core/shell  sizes  (4-5  nm) 
that  emit  in  the  far-red  and  near-infrared  regions.  These  particles  exhibit  higher  resistance  to 
oxidation  and  photobleaching,  have  high  quantum  yields,  and  could  be  used  for  biological 
labeling  and  imaging. 

Bioactivation  and  cell  targeting  of  semiconductor  CdSe/ZnS  qdots  with  phytochelatin- 
related  peptides: 

Synthetic  phytochelatin-related  peptides  were  used  as  an  organic  coat  on  the  surface  of  colloidal 
CdSe/ZnS  semiconductor  nanocrystals  qdots  synthesized  from  hydrophobic  coordinating  trioctyl 
phosphine  oxide  (TOPO)  solvents.  The  peptides  were  designed  to  bind  to  the  nanocrystals  via  a 
C-terminal  adhesive  domain.  This  adhesive  domain,  composed  of  multiple  repeats  of  cysteines 
pairs  flanked  by  hydrophobic  3-cyclohexylalanines,  was  followed  by  a  flexible  hydrophilic  linker 
domain  to  which  various  bio-affinity  tags  could  be  attached.  This  surface  coating  chemistry 
resulted  in  small,  buffer  soluble,  monodisperse  peptide-coated  nanoparticles  with  high  colloidal 
stability  and  ensemble  photophysical  properties  similar  to  those  of  TOPO  coated  nanocrystals. 
Various  peptide  coatings  were  used  to  modulate  the  nanocrystal  surface  properties  and  to 
bioactivate  the  nanoparticles.  CdSe/ZnS  nanocrystals  coated  with  biotinylated  peptides  efficiently 
bonded  to  streptavidin  and  were  specifically  targeted  to  GPI-anchored  avidin-CD14  chimeric 
proteins  expressed  on  the  membranes  of  live  HeLa  cells. 
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Development  of  bright  Cct  rich  peptide-coated  qdots: 

The  composition  and  structure  of  inorganic  shells  grown  over  CdSe  qdots  and  rods  were 
optimized  to  yield  enhanced  photoluminescence  properties  after  ligand  exchange  followed  by 
coating  with  phytochelatin-related  peptides.  In  addition  to  the  peptides  imparting  superior  colloidal 
properties  and  providing  biofunctionality  in  a  single  step  reaction,  the  improved  shells  and  pre¬ 
treatment  with  UV  irradiation  resulted  in  high  quantum  yields  for  the  nanocrystals  in  water. 
Moreover,  peptide  coating  caused  a  noticeable  red-shift  in  the  absorption  and  emission  spectra 
for  one  of  the  tested  shells,  suggesting  that  exciton-molecular  orbital  (X-MO)  coupling  might  take 
place  in  these  hybrid  inorganic-organic  composite  materials. 

Comparison  of  photophysical  and  colloidal  properties  of  biocompatible  qdots  using 
fluorescence  correlation  spectroscopy: 

A  number  of  different  surface  chemistries  have  been  developed  in  recent  years  to  render  qdots 
water-soluble  and  biocompatible.  However,  most  of  these  surface  modifications  affect  qdots' 
photophysical  properties,  calling  for  a  method  to  simultaneously  monitor  colloidal  and 
fluorescence  properties.  Fluorescence  correlation  spectroscopy  (FCS)  combined  with  ensemble 
spectroscopic  methods  and  Monte  Carlo  simulations  were  used  to  interpret  and  derive 
photophysical  as  well  as  colloidal  properties  of  four  different  qdots’  surface  treatments.  Using  a 
novel  FCS  scheme  with  alternating  laser  excitation  (ALEX-FCS)  at  two  different  intensities, 
optical  gradient  forces  (optical  trapping)  were  ruled  out.  Concentration  of  emitting  particles, 
brightness  per  particle,  saturation  intensity,  blinking  (intermittency),  hydrodynamic  radius  and 
propensity  for  aggregation  of  the  different  bioconjugated  qdots  were  compared. 

Testing  the  lipid  raft  hypothesis  by  single  molecule  imaging  of  targeted  peptide-coated 
qdots: 

GPI-  (lipid-)  anchored  proteins  often  associate  with  sphingolipid-sterol  rich  microdomains  of  the 
cell’s  plasma  membrane  called  lipid  rafts.  Rafts  play  important  roles  in  signal  transduction,  in  the 
formation  of  the  immune  synapse  and  in  T-cel!  signaling.  Understanding  the  interaction  of  rafts 
microdomains  with  GPI-anchored  proteins  is  of  key  importance  to  the  fields  of  membrane 
biophysics  and  cell  biology.  The  dynamic  interaction  of  GPI-anchored  CD14  receptor  fused  to 
avidin  (CD14-av)  with  rafts  microdomains  in  HeLa  cells  were  studied.  Wide-field  and  total- 
internal-reflection  (TIR)  single-molecule  dynamic  imaging  experiments  were  performed  to  follow 
individual  GPI-anchored  CD14-av  targeted  with  peptide-coated  qdots.  Diffusion  of  individual 
CD14-av  receptors  was  tracked  over  extended  period  of  time  in  the  membrane  and  during 
trafficking  from  the  membrane  to  the  Golgi  apparatus.  Dual  color  TIR  imaging  permitted  the 
tracking  of  single  CD14-av  receptors  in  the  plasma  membrane  and  the  correlation  of  their 
diffusion  with  the  distribution  of  cholera  toxin  alexa  488  labeled  rafts  microdomains.  The  study 
revealed  the  existence  of  2  equally  distributed  subpopulation  of  receptors  (1)  Slow 
diffusing/immobile  CD14-av  receptors  associated  with  raft  microdomains  and  (2)  fast  diffusing 
receptors  (100  times  faster)  that  avoid  rafts  microdomains.  In  some  cases,  drastic  changes  of 
diffusion  coefficient  for  receptors  entering  and  exiting  raft  microdomains  were  found.  The  effects 
of  various  cholesterol  depletion  agents  and  actin  polymerization  inhibitors  on  the  different 
receptors  population  and  their  respective  localization  with  raft  microdomains  were  also  studied. 
Lastly,  directed  motion  of  GPI-anchored  receptors  and  rafts  microdomains  were  measured,  most 
likely  along  cytoskeietal  filaments,  demonstrating  single  molecular  motor  motility  assay  inside  the 
live  cell. 

Molecular  cloning  and fusion  of  Avidin  to  immunological  synapse  (IS)  components: 

Three  well-studied  components  of  the  immunological  synapse  were  as  candidates  for  qdot-based 
imaging:  1)  the  epsilon  chain  of  the  T  cell  receptor  (CD3e);  2)  the  CD4  co-receptor;  3)  the  “Linker 
for  Activation  of  T  cells”  (LAT).  The  mutated  form  of  the  CD3s  chain  that  lacks  the 
immunoreceptor  tyrosine-based  activation  (ITAM)  motif  was  also  generated.  This  truncation 
reduces  the  signal  transduction  potential  of  the  recombinant  CD3s  molecule,  without  affecting  its 
trafficking  abilities.  A  modified  form  of  avidin  in  which  the  native  (chicken)  signal  peptide  was 
replaced  with  a  mammalian  leader  sequence  derived  from  the  immunoglobulin  kappa  light  chain 
(IgK  LP)  was  constructed.  This  modification  has  the  potential  to  enhance  membrane  localization 


of  the  avidin-fusion  constructs  in  mammalian  immune  cells.  To  facilitate  detection,  an  epitope  tag 
(HA,  derived  from  the  influenza  A  virus  haemagglutinin  protein)  was  inserted  at  the  N-terminus  of 
the  recombinant  avidin  molecule. 

The  CD3s,  CD4  and  LAT  constructs  were  tagged  at  their  N-termini  with  the  IgK  LP-HA- 
Avidin  domain  using  standard  molecular  cloning  technology.  The  fusions  were  then  cloned  into 
the  MSCV  retroviral  vector,  upstream  of  the  IRES-Enhanced  Green  Fluorescent  protein  (EGFP) 
cassette.  The  IRES  element  (internal  ribosome  entry  site  of  the  encephalomyocarditis  virus) 
permits  both  the  gene  of  interest  and  the  EGFP  gene  to  be  translated  from  a  single  bicistronic 
mRNA.  Retroviruses  encoding  these  constructs  were  generated  and  used  to  transduce  the 
murine  T  cell  hybridoma  cell  line  D011.10.  Expression  of  the  fusion  proteins  was  detected  by 
Western  Blotting  and  fluorescent  activating  cells  sorting  (FACS)  using  the  HA  specific  monoclonal 
antibody.  The  cellular  localization  of  the  constructs  was  analyzed  by  confocal  microscopy. 

All  four  constructs  were  found  to  localize  on  the  plasma  membrane.  However,  in  each 
case,  the  fusion  proteins  formed  large  aggregates.  The  topography  of  these  aggregates  did  not 
change  when  we  analyzed  IS  formation  in  transduced  DO11.10  cells  incubated  with  antigen 
presenting  cells  (APCs)  pulsed  with  the  cognate  T  cell  activating  peptide.  The  natural  tendency  of 
avidin  to  form  tetramers  together  with  its  known  non-specific  binding  properties  could  explain  the 
formation  of  these  immobile  aggregates. 

To  solve  this  problem,  non-glycosylated  wild-type  and  monomeric  avidin  constructs  were 
generated.  While  these  mutations  appeared  to  further  alleviate  the  aggregation  problems,  the 
efficiency  of  fluorescent  biotin  labeling  was  low.  Furthermore,  we  observed  a  clear  tendency  of 
some  of  these  constructs  to  spontaneously  internalize  following  exposure  of  cells  to  37°C,  in 
addition  to  their  failure  to  localize  to  the  immunological  synapse.  These  results  could  be  explained 
by  the  hybrid  nature  of  the  DO11.10  system,  as  well  as  by  the  presence  in  these  cells  of  an 
endogenous  CD4  molecule.  Therefore,  we  are  currently  extending  our  studies  to  a  CD4  deficient 
variant  of  the  Jurkat  human  T  cell  leukemia.  Alternatively,  it  is  possible  that  the  N-terminal  avidin 
fusion  is  incompatible  with  normal  trafficking  and  function  of  the  CD4  molecule.  As  mention  in  the 
progress  report,  we  are  continuing  our  studies  to  identify  other  IS  components  that  are  more 
suitable  for  avidin  fusions.  We  are  also  exploring  the  use  of  non-avidin  labeling  tags,  such  as  a 
fluorescein  isothiocyanate  specific  high  affinity  single  chain  (sc)Fv  specific  for  fluorescein 
isothiocyanate. 
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